InP layers grown on Si (001) were achieved by the two-step growth method using gas source molecular beam epitaxy. The effects of growth temperature of nucleation layer on InP/Si epitaxial growth were investigated systematically. Cross-section morphology, surface morphology and crystal quality were characterized by scanning electron microscope images, atomic force microscopy images, high-resolution X-ray diffraction (XRD), rocking curves and reciprocal space maps. The InP/Si interface and surface became smoother and the XRD peak intensity was stronger with the nucleation layer grown at 350 • C. The Results show that the growth temperature of InP nucleation layer can significantly affect the growth process of InP film, and the optimal temperature of InP nucleation layer is required to realize a high-quality wafer-level InP layers on Si (001).
Introduction
With the continuous development of integrated circuits manufacturing process technology, the size of semiconductor devices has been scaled down rapidly leading to the properties of silicon devices begin to approach its limitations. Recently, as an attractive potential candidate to guarantee the improvement of performance, the heterogeneous integration of III-V materials with silicon has obtained renewed attention [1] [2] [3] . The main reason is that III-V semiconductors can offer the advantages of higher carrier mobility and a direct energy gap to realize ultrahigh-speed transistors and high-quality photoelectric devices which are difficult to achieve by conventional silicon processing technique [4, 5] . In addition, heterogeneous integration technology can enable the integration of several III-V functional blocks on the same Silicon substrate and benefit from the existing Si-based semiconductor processing as well [6] .
Due to the high cut-off frequency of indium phosphide (InP) based heterojunction transistors with f max above 1 THz exhibiting compelling advantages over Si in microwave, millimeter-wave applications [7, 8] , much effort has been made to integrate InP-based devices on Si wafer to realize ultrahigh-speed mixed-signal circuits [9] [10] [11] . First and foremost, high-quality InP films or chips need to be integrated on Si substrates. Many strategies have been explored, such as flip-chip bonding, micro-transfer printing and direct epitaxial growth. Based on the existing technologies, flip-chip bonding and micro-transfer printing are easier to implement, but the two approaches are also confronted by the chip and transfer-layer size, interconnect size and losses, and the complexity of manufacture. Therefore, direct epitaxial growth is considered as the most promising approach in the future [12, 13] . However, it still faces enormous challenges owing to the large lattice mismatch, thermal mismatch, and antiphase boundaries caused by crystal polarity difference. Device performance and reliability inevitably suffer from the high-density defects in the hetero-epitaxial III-V materials [14] . To overcome these problems, two main approaches are widely applied for the epitaxy of InP films on Si: one is known as selective area growth (SAG), where InP is grown selectively in the patterning nanometer scale trenches to trap defects at its sidewalls by the defect necking effect [15, 16] , and the other one is direct growth process by depositing InP directly on blanket Si wafers with metamorphic buffers [17] [18] [19] . Compared with SAG method, the direct growth process has fewer processing steps without lithography or etching to reduce the risk of contamination. Moreover, it has the capability to obtain a wafer-level high quality and uniform InP film on Si to manufacture large-scale InP circuits, making it an extremely valuable approach with bright prospect in semiconductor industry.
To reduce the number of defects and increase the crystal quality of the III-V films grown by direct hetero-epitaxy, a two-step growth technique was commonly adopted by metal organic chemical vapor deposition (MOCVD) [20] or molecular beam epitaxy (MBE) [21] . Using the technique, the nucleation layer deposited at low temperature determines the crystallinity of overall hetero-epitaxial layers. Therefore, it is important to find out the optimal growth parameters for the InP nucleation layer. Many researches have been performed focused on the influences of growth temperatures, thickness, and flow ratio of V/III sources of Ge [22] or GaAs [23] nucleation layer on Si, or InP nucleation layer on GaAs [24, 25] or Si [26] by MOCVD. The findings of the above studies indicate that these parameters have significant impact on the growth behaviors, such as surface morphology and crystal quality. Although MBE systems have been increasingly applied in the heterogeneous epitaxy, especially for III-V semiconductors [27] [28] [29] , the influence of the growth temperature of InP nucleation layer on the growth of InP on Si has not been studied and understood sufficiently.
In this study, we investigate the influence of growth temperature of InP nucleation layer on the quality of InP film grown on Si (001) by gas-source MBE (GSMBE) using the two-step growth approach. Cross-section and surface morphology of all the samples were observed by a scanning electron microscope (SEM) and an atomic force microscope (AFM). The crystalline characteristics were characterized by omega-2theta rocking curves and reciprocal space maps (RSMs) measured by a high-resolution X-ray diffractometer. The results indicate that the growth temperature of InP nucleation layer can significantly affect the InP/Si interface, InP surface morphology, and crystal quality. These would be of value for the development of heterogeneous integration of InP with Si.
Experimental
All samples studied in the research were grown on 2-inch Si (001) substrates by using a GSMBE system. Phosphorus (PH 3 ) cracking cell and elemental indium was equipped as group V and III sources respectively. Prior to epitaxy, the Si native oxide was removed by rapid immersion (15 s) in buffered oxide etch (BOE) solution (HF: NH 4 F = 1:6) followed by rinsing in de-ionized water and dried by nitrogen. Moreover, the Si substrate was annealed in the MBE chamber at 625 • C for 30 min to ensure the desorption of surface residual oxide, which was monitored by a reflection high energy electron diffraction (RHEED) system. After these steps, the InP nucleation layer was grown on Si (001) substrates with the thickness of 200 nm. To study the influence of growth temperature of the nucleation layer on the quality of the top high temperature (HT) InP film which was grown at the regular growth temperature, the growth temperatures were analyzed from 200 to 375 • C (Sample A to E) and HT InP layer was then grown at 400 • C with the thickness of 800 nm. As a comparison, a reference sample (Sample F) was grown on Si substrate, with HT InP film of 1 µm thickness (i.e., the nucleation layer growth temperature of sample F was 400 • C same as that of HT InP layer). The schematic of InP epitaxial structure is shown in Figure 1 
Results and Discussion

Cross-Section and Surface Morphology
To observe the interface between the InP nucleation layer and the substrate, cross-section morphology images of InP epi-layers were obtained from SEM inspections, shown in Figure 2 . Due to the 8% mismatch between Si and InP, the interface is decorated with many cavities marked by red circles in Figure 2a2 -f2. At 200 °C and 250 °C, the cavities in the interface are denser with larger size. With the temperature of growth temperature increases to 300 °C, the cavities decrease in quantity or size. At 350 °C, the interface has smallest and fewest cavities in all samples. With the growth temperature of InP nucleation layer increases from 350 to 400 °C, the quantity and size of the cavities increase again. Besides, it is obvious that the crystal uniformity of the nucleation layer grown at 350 °C is better than other samples, meaning the crystal quality of the nucleation layer is best. 
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Crystal Structure
The high-resolution X-ray diffraction (HR-XRD) measurements were performed to determine the crystal quality of the top InP HT layers. Figure 5 shows the HR-XRD omega-2theta rocking curves of (004) and (115) Bragg peaks of all the samples. The peak intensity and full width at half maximum (FWHM) of InP layers extracted from XRD measurements are listed in Table 1 . It is observed that the growth temperature of the InP nucleation layer has a great influence on the crystal quality of the InP film. With the growth temperature of the nucleation layer increasing from 200 to 350 °C, the peak intensity of InP increases to the maximum, but then decreases rapidly. The sample D (InP nucleation layer grown at 350 °C) exhibits a maximum peak intensity and a minimum FWHM compared with others, which means it has the best crystal quality. Moreover, the relationship between threading dislocation density (TDD) and the FWHM value [31] can be described by the following formula:
, b= √h + k + l (1) where Ndis represents the TDD of the InP layer, β is the FWHM (rad) value, a is the lattice constant of InP, and (hkl) corresponds to the indices of lattice planes in the XRD measurements. The formula shows that the dislocation density is proportional to the FWHM value. It can be concluded that the TDD has a minimum value while the growth temperature of nucleation layer is 350 °C, further indicating that the growth temperature of nucleation layer has a significant influence on the quality of the overall InP film. Same results were found in the research on the GaAs nucleation layer on GaP/Si (001): the TDD first decreased as the growth temperature increased from 400 to 500 °C, but when the growth temperature increased further to 550 °C, the TDD rose back to a high level [29] . Likewise, the findings in [23] showed that there was an optimal growth temperature to suppress APDs in MOCVD-grown GaAs on Si (001) by a two-step process. The reason is similar to the analysis for the cross-sectional and surface morphology. With the increase of temperature from 200 to 350 °C, the dislocation around the islands annihilates and the nucleation layer become smooth during the merge procedure of the islands, resulting in the increase of crystal quality. When the growth temperature is near the normal growth temperature, the increase of TDD induced by the lattice and thermal mismatch decreases the crystal quality of the nucleation layer. Therefore, the best crystal quality can be obtained at 350 °C based on the optimal nucleation layer. 
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The influences of the InP nucleation layer on the two-step InP layers have been investigated at different growth temperature by GSMBE, and the results are compared with the findings in lots of similar studies. By growing nucleation layer at 350 °C, the smallest and fewest cavities at the InP/Si 
The influences of the InP nucleation layer on the two-step InP layers have been investigated at different growth temperature by GSMBE, and the results are compared with the findings in lots of similar studies. By growing nucleation layer at 350 • C, the smallest and fewest cavities at the InP/Si interface are observed by SEM images. Meanwhile, AFM images show that the surface islands become smaller and the pits become shallower at 350 • C, and the optimal RMS (10 × 10 µm 2 ) roughness of 10.1 nm is obtained. Furthermore, the best results of the intensity and FWHM of (004) and (115) Bragg peaks and RSM measurement are achieved with the nucleation layer grown at 350 • C. All of these results indicate that the InP nucleation layer has the optimal growth temperature of 350 • C which strongly influences the growth process and crystal quality of InP film. Therefore, it is essential to determine the optimal growth temperature of nucleation layer to maximize the crystal quality of InP epi-layer grown on Si by the two-step growth method, thus realizing high-quality heterogeneous integration of InP and Si. 
